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Introduction
After skin injury, a dynamic process of tissue repair commences that consists of an inflammatory response followed by re-epithelialization of the wound area and establishment of the granulation tissue with accompanying neovascularization and wound contraction (1) . The entire repair process is coordinated by highly regulated interactions of cells with their surrounding ECM and from their response to growth factors. Alterations in the composition of the ECM (2, 3) or growth factors (4) can affect the wound healing process. In vitro, cells interact with the ECM molecule fibronectin through two types of cellsurface receptors: β 1 integrins (5-7) and the transmembrane heparan sulfate proteoglycan (HSPG) syndecan-4 (8, 9) . Although cell adhesion to fibronectin is primarily dependent on β 1 integrins (5, 6) that interact with the cell-binding domain of this ECM molecule, cooperative signaling from syndecan-4, as a result of an interaction with the heparin-binding domain of fibronectin, leads to the assembly of focal adhesions and actin stress fibers (10) .
Syndecan-4 is detectable in the epidermis, but not in the dermis, of uninjured adult mouse skin. After skin injury, however, syndecan-4 is upregulated throughout the granulation tissue on endothelial cells and fibroblasts (11, 12) . Keratinocytes that migrate across the fibrin clot have reduced levels of syndecan-4 compared with the hyperproliferative keratinocytes distal from the wound edge (12) .
The critical role of syndecan-4 during cell-ECM interactions in vitro (10, 13, 14) , and its upregulation in the dermis of skin wounds (11, 12) , suggested that syndecan-4 may play an important role in wound repair. We tested this hypothesis by generating mice in which the syndecan-4 gene was disrupted by homologous recombination in embryonic stem (ES) cells. We find that mice homozygous or heterozygous for the disrupted syndecan-4 gene have statistically significant delayed healing of skin wounds and impaired angiogenesis in the granulation tissue compared with wild-type littermates.
Methods

Construction of the syndecan-4 targeting vector.
A 120-kb genomic clone was isolated from a 129/SVJ BAC library by hybridization with the complete murine syndecan-4 cDNA. The IRESβgeo cassette was excised from the GT1.8 IRESβgeo plasmid (15) with SalI, the ends filled with Klenow polymerase, and cloned blunt end into the NruI digested PsLII80. A 4.5-kb genomic EcoRV/BamHI fragment containing exon 5 was cloned blunt end into the SnaBI site 3′ of the IRESβgeo cassette. A 6.4-kb SacI fragment from the first intron was blunt ended by T4 polymerase and cloned into the blunt ended XhoI site located 5′ of the IRESβgeo cassette. The orientation of all cloned fragments was verified by restriction digest analysis.
Embryonic stem cells and generation of homozygous mice. Twenty million 129/J1 ES cells were electroporated with 25 µg/ml of SpeI linearized targeting vector and subjected to G418 selection (16) . G418-resistant clones were screened for homologous recombination of the syndecan-4 locus by Southern blot hybridization. Two recombinant clones were expanded, reanalyzed by Southern blot hybridiza-tion, and injected into C57BL/6 blastocysts. Chimeric male founder mice were backcrossed to C57BL/6 females, and heterozygous offsprings were backcrossed on that background for at least four generations. Genotype analysis was performed by Southern blot hybridization on genomic DNA isolated from tails.
Isolation of dermal fibroblasts. Primary skin fibroblasts were isolated from newborn syndecan-4 +/+ , syndecan-4 +/-, and syndecan-4 -/-mice from the same litter. Mice were sacrificed, and their skins were removed, flattened, and floated on a 0.25% trypsin solution (Life Technologies Inc., Gaithersburg, Maryland, USA) at 4°C overnight. The dermis was separated from the epidermis and dissociated by stirring at room temperature for 30 minutes in HBSS containing collagenase (500 µg/ml) (Life Technologies Inc.). The cell suspension of each skin was passed through a cell strainer (Becton Dickinson and Co., Franklin Lakes, New Jersey, USA) and transferred to a 10-cm cell culture dish and cultured as described previously (10) . Dermal fibroblasts were maintained at subconfluent densities and used between passages three and six.
RT-PCR. RT-PCR was performed on 1 µg of total RNA from syndecan-4 +/+ , syndecan-4 +/-, and syndecan-4 -/-fibroblasts as described elsewhere (10) . PCR reactions were performed with primers specific for syndecan-4 (forward: nucleotide [NT] +76 to NT +100 and reverse: NT +588 to +609), β-actin (forward: NT +73 to NT +85 and reverse: NT +993 to NT +1006), and GAPDH (CLONTECH Laboratories Inc., Palo Alto, California, USA). Bands were analyzed on 1.5% agarose gel, visualized by ultraviolet activation of incorporated ethidium bromide, and photographed.
Flow cytometry. Analysis of surface expression of syndecan-4 and the integrin β 1 chain was performed as described previously (10) using affinity-purified anti-mouse syndecan-4 antibodies (MS-4-E) and a rat mAb directed against the mouse β 1 integrin chain (9EG7).
Wound healing studies. Four excisional full-thickness wounds were made with 6-mm skin biopsy punches on the backs of three groups of five 10-weekold female mice that were either syndecan-4 +/+ , syndecan-4 +/-, or syndecan-4 -/-. Wound closure was monitored daily as described elsewhere (3) . Area measurements were made using the IP-LAB software (Scanalytics, Fairfax, Virginia, USA). Histological analysis of the wounds was performed on mice that were sacrificed at 3 and 7 days after wounding. In a separate experiment, wounds were created on eight 10-week-old female mice of each of the three genotypes, and the skins were collected at 6 days after wounding for the analysis of blood vessels. Statistical analysis was performed using the unpaired Student's t test.
Histology and immunocytochemistry. Tissues were fixed in 4% paraformaldehyde for 2 hours and embedded in paraffin. Staining with hematoxylin and eosin was done on 6-µm paraffin sections. Blood vessels were analyzed on 6-µm cryostat sections stained with an mAb against mouse CD31 (PECAM-1) (PharMingen, San Diego, California, USA) as described elsewhere (17) . Image analysis was performed as described previously (3), and the number of vessels, average vessel size, and total vessel area were determined. Statistical analysis was performed using the unpaired Student's t test. The assembly of focal adhesions and actin stress fibers was assessed by confocal microscopic analysis of vinculin and actin stress fibers in fibroblasts adherent to fibronectin for 3 hours in the presence of 10% FBS (10) .
In vitro wound healing models. Primary fibroblast cultures were established for 2 days in DMEM with 10% FBS followed by an overnight culture in DMEM with 2% FBS. In vitro wound closure tests were performed by creating clear lines in confluent cultures with a sterile yellow plastic pipette tip. After two washes with medium, the monolayers were covered with fresh medium and the migration of the cells into the cleared spaces was monitored over time. The control medium used during wound closure was DMEM with 2% FBS. This medium was supplemented with either 25 ng/ml of FGF-2 (R&D Systems Inc., Minneapolis, Minneapolis, USA) or 25 ng/ml of EGF (Becton Dickinson and Co.).
In vitro wound contraction assays (18) were done by allowing 2 ml of DMEM with 10% FBS, 1.0 mg/ml of bovine type I collagen (Vitrogen 100; Collagen Corp., Palo Alto, California, USA) and 6.7 × 10 4 fibroblasts to form a gel in 35-mm dishes for 3 hours at 37°C before releasing the gels from the dish. Skin fibroblast populations were derived from four syndecan-4 +/+ , seven syndecan-4 +/-, and three syndecan-4 -/-newborn mice. Assays were performed in triplicate for each of the 14 different fibroblast populations. Gel contraction was quantified by measuring the diameter of the floating gels.
Results
Establishment of syndecan-4-deficient mice.
Of 200 clones selected, 38 were screened by Southern blot hybridization of genomic DNA digested with SpeI and EcoRV using the 5′ external probe indicated in Figure 1a . Of these, 17 clones were determined to carry the recombinant syndecan-4 allele (synd-4 tm1Goe ) based on the presence of predicted 12-kb recombinant and 14-kb wild-type allele fragments (Figure 1b) . Two clones (13 and 27) were expanded, reanalyzed by Southern blot hybridization, and injected into C57BL/6 blastocysts. Chimeric male founder mice were backcrossed to C57BL/6 females, and the genotype of carriers of the recombinant allele were identified by Southern blot hybridization ( Figure 1c) and/or PCR analysis on genomic DNA isolated from tails. Mice homozygous and heterozygous for the disrupted syndecan-4 core protein gene develop normally, are fertile, and show no overt morphological defects. The mutant syndecan-4 gene segregated in a normal mendelian fashion, yielding approximately 25% homozygous mutant offspring in matings between mice heterozygous for the recombinant allele.
Syndecan-4 is absent in syndecan-4 -/-mice. RT-PCR analysis of mRNA from skin fibroblasts obtained from 1-dayold sibling offspring of heterozygous parents revealed that a 524-bp syndecan-4-specific band could be ampli- Impaired wound healing in syndecan-4 -/-and syndecan-4 +/-mice. Excisional wounds were made on the backs of five 10-week-old female mice of each of the three genotypes. The wound areas of the of syndecan-4 +/+ mice were reduced by more than 50% within 2 days and up to 75% within 4 days after wounding. In contrast, both syndecan-4 -/-and syndecan-4 +/-mice showed a delay in the rate of wound healing compared with syndecan-4 +/+ mice during the first 7 days after wounding (Figure 2 ). These differences were statistically significant between days 3 and 6 after wounding. By day 9, all mice had closed their wounds to the same extent of about 80%. Complete wound closure in mice of all three genotypes was evident by day 12 (data not shown).
Day 3 after wounding was the first time point at which a statistically significant delay in the closure of the wounds of syndecan-4 -/-and syndecan-4 +/-mice was apparent. At this time point, comparable re-epithelialization had started at the edge of the wounds of the syndecan-4 +/+ and syndecan-4 -/-mice ( Figure 3 , double arrows) as well as in the syndecan-4 +/-mice (data not shown). After 5 to 7 days, the new epidermis had formed completely and no differences were evident between the three genotypes. At 3 days, in the dermis of syndecan-4 +/+ mice, there was an increase in the granulation tissue at the edge of the wound bed and the wounds of the syndecan-4 +/+ mice had contracted (Figure 3a (Figure 3c, middle) is evident. The smaller vessel size results in a statistically significant reduction in the relative wound area occupied by blood vessels, i.e., the total vessel area, for both syndecan-4 -/-and syndecan-4 +/-mice (Figure 3c, right) .
In vitro analyses of primary skin fibroblasts. Dermal skin fibroblasts, of all three genotypes, adherent to fibronectin spread and assemble an actin cytoskeleton and vinculin containing adhesion sites similar to those shown by Ishiguro et al. (19) for whole embryo derived fibroblasts (data not shown).
In The gel contraction assays reveal no differences for the three genotypes in their ability to contract collagen gels. The percent contraction of the gels (mean ± SEM) at the end of 3 days was 75.12 ± 10.96 (n = 4), 79.21 ± 7.37 (n = 7), and 85.33 ± 10.66 (n = 3) for the syndecan-4 +/+ , syndecan-4 +/-, and syndecan-4 -/-fibroblasts, respectively. Student t tests indicate that these values are not statistically different from each other.
Discussion
The results presented in this study clearly support the hypothesis that syndecan-4 plays a role in wound healing and angiogenesis and that syndecan-4 is haplo-insufficient for both of these processes. The involvement of syndecan-4 in wound healing and angiogenesis is consistent with the observation that syndecan-4 is upregulated in both fibroblasts and endothelial cells of the granulation tissue after skin injury (11, 12) .
Wound healing is a dynamic process in which the behavior of cells is influenced both by their interactions with the ECM and by their response to growth factors (1). Because syndecans function as coreceptors for both insoluble ligands such as components of the ECM and soluble ligands such as growth factors (20) , the observed delay in wound healing in syndecan-4 -/-and syndecan-4 +/-mice could result from an impairment of either or both of these functions. The reduced rate of migration of syndecan-4 -/-fibroblasts in the in vitro wound healing model suggests that altered cell-matrix interactions could contribute to the delayed excisional wound healing. However, it seems that the in vitro model only represents part of a more complex mechanism, as the syndecan-4 +/-fibroblasts behave like wild-type cells in vitro, whereas in vivo, the syndecan-4 +/-animals display the same impaired wound healing and angiogenesis as do the null mice. The collagen gel contraction assay also suggests a complex situation. This assay has been described as an in vitro model for predicting the rate of wound closure (18) . We found no correlation between fibroblasts isolated from the three genotypes and their ability to contract collagen gels. A lack of correlation between collagen gel contraction assays and wound closure has also been reported for mice null for the thrombospondin-2 gene. These mice have an accelerated wound closure (2), yet fibroblasts from the null mice do not contract collagen gels efficiently (21) . The cellular basis for the slower migration of syndecan-4 -/-fibroblasts in vitro is not obvious from the analysis of their ability to assemble focal adhesions and actin stress fibers in vitro. Syndecan-4 signals cooperatively with β 1 integrins in the assembly of actin stress fibers and focal adhesions (10) The delayed wound repair in mice with the disrupted syndecan-4 gene could also result from alterations in the interactions of cells with growth factors such as FGF-2. FGF-2 null mice exhibit delayed wound healing (4), and interactions of FGF-2 with syndecan-4 have been demonstrated (22) . For this reason, we tested for a possible role for FGF-2 in our in vitro wound closure assay and compared this heparin-binding growth factor with EGF, a growth factor that does not bind to heparin. Neither FGF-2 nor EGF had any effect on the rate of cell migration in these assays. That the fibroblasts can respond to exogenous factors is evident from the accelerated wound closure that takes place in the presence of 10% FBS instead of 2%. However, although there was an overall acceleration in wound closure, the syndecan-4 +/+ and the syndecan-4 +/-fibroblasts still migrated faster than the syndecan-4 -/-fibroblasts (our unpublished observations). We conclude, therefore, that a component of the delayed wound closure in the syndecan-4 -/-mice can be attributed to decreased cell migration, but our in vitro wound assay suggests that the effect of syndecan-4 in cell migration is not dependent on interactions with FGF-2. Additionally, we have observed that primary skin fibroblasts cultured under the same conditions as described in the present study show a proliferative response to FGF-2. The magnitude of the response, however, is the same for cells of all three syndecan-4 genotypes (our unpublished observations). This observation would suggest that the FGF-2-mediated proliferative response is also not dependent on interactions with syndecan-4.
Syndecan-1 is also upregulated during skin wound healing, but this upregulation is restricted to the endothelial cells of the granulation tissue (11, 12, 23) . Lack of syndecan-1 results in delayed skin (20) and corneal wound (24) repair. Like syndecan-4 null mice, syndecan-1 null mice are viable and fertile. It is tempting to speculate that syndecan-4 and syndecan-1 might provide complementary signaling pathways during wound healing. An analysis of mice that are null for both syndecan-4 and -1 might shed light on the role of these two HSPGs in wound healing.
Figure 4
In vitro migration analysis of syndecan-4 recombinant fibroblasts. Wild-type and heterozygous fibroblasts fill in a space created in an in vitro wound healing model completely by 23 hours in contrast to syndecan-4 -/-cells. Fibroblasts were grown to confluency in 10% FBS and then placed in 2% FBS overnight. The in vitro wound assays were performed on cultures of all three genotypes in control medium (DMEM containing 2% FBS) or medium supplemented with 25 ng/ml of FGF-2 or 25 ng/ml of EGF. The wound closure was monitored over time and terminated upon complete closure of the wounds by the syndecan-4 +/+ fibroblasts.
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